Abstract. Acute kidney injury (AKI) is a hyper-inflammation-induced abrupt loss of kidney function and has become a major public health problem. The cecal ligation and puncture (CLP) model of peritonitis in rat pups mimics the development of sepsis-induced pediatric AKI is pre-renal without morphological changes of the kidneys and high lethality. Resveratrol, a natural polyphenolic compound with low toxicity, has obvious anti-oxidant and anti-inflammatory properties. The present study aimed to determine whether resveratrol alleviates pediatric AKI and investigated the potential mechanism. Thus, a CLP model of 17-18 day-old rat pups was used to mimic the development of sepsis-induced AKI in children. In the group treated with resveratrol, renal injury induced by CLP was alleviated with downregulation of tumor necrosis factor (TNF)-α, interleukin (IL)-1β and kidney injury molecule (KIM)-1 expression. Nuclear factor-erythroid-2-related factor 2 (Nrf2) signaling is known to effectively inhibit inflammation, the present study found that resveratrol reduced the lipopolysaccharide-induced inflammatory response in kidney cells in vitro and induced the activation of Nrf2 signaling, including accumulation of nuclear Nrf2 and increase of the expression of Nrf2 target genes heme oxygenase (HO)-1 and NAD(P)H dehydrogenase (quinone) 1 (NQO1); this was confirmed by the induction of the expression of HO-1 and NQO1 by treatment of resveratrol in vitro and in vivo. Of note, knockdown of Nrf2 effectively abrogated the downregulation of TNF-α, IL-1β and KIM-1 expression induced by resveratrol in vitro. These results suggested that resveratrol ameliorates sepsis-induced acute kidney injury in a pediatric model of AKI via the Nrf2 signaling pathway.
Introduction
Sepsis is a condition characterized by a whole-body inflammatory response caused by a harmful host response to infection and is a leading cause of death in children (1) . Sepsis is also the second leading cause of acute kidney injury (AKI) in children. AKI is a serious condition defined by the rapid dysfunction of the kidneys within several hours to weeks and has been a serious problem in the pediatric intensive care unit (2) . It is worth noting that in the pediatric population, the presence of AKI is associated with an increased mortality compared with that of sepsis alone (3, 4) . Studies have demonstrated that those patients who survive AKI have a higher risk of future development of chronic kidney diseases (5) . However, current therapies for sepsis-induced AKI in pediatric patients are mostly supportive (6) . Therefore, it is critical to discover novel and effective therapeutic methods for promoting kidney repair after AKI. Most research on sepsis-induced AKI has utilized adult rodent models; however, the developing kidney in children is more susceptible to oxidative stress (7) . The present study used the rat pup cecal ligation and puncture (CLP) model, which displays numerous characteristics of sepsis-induced AKI in pediatric patients with sepsis and has been verified to be suitable for exploring possible therapies (8) .
Resveratrol (3, 5, 4 '-trihydroxy-trans-stilbene) is a polyphenolic phytoalexin and is distributed in several food plants such as grapes, berries and peanuts (9, 10) . Previous studies have revealed that resveratrol exerts protective effects in various disease models, including those of several types of renal injury, via its anti-oxidant and anti-inflammatory properties (11) (12) (13) (14) . It has been reported that the para-hydroxy group of resveratrol has the ability to scavenge free radicals (15) , thus rendering resveratrol with an intrinsic anti-oxidant capacity.
Nuclear factor-erythroid-2-related factor 2 (Nrf2) is encoded by the NFE2L2 gene and is a basic leucine zipper transcription factor. Under resting conditions, Nrf2 is held in the cytoplasm by its repressor kelch-like ECH-associated protein 1 (Keap1) and removes it through ubiquitination-proteasomal degradation. When cells are exposed to oxidative stress or noxious attacks, Nrf2 dissociates from Keap1 and translates to the nucleus, where it binds to the anti-oxidant response element (ARE) within the promoter of its downstream genes, including uridine 5'-diphospho-glucuronosyltransferase, NAD(P) H:quinone oxidoreductase-1 (NQO1), heme oxygenase-1 (HO-1), glutathione S-transferase, glutamate cysteine ligase and glutathione peroxidase (16) . Most of these genes are important anti-oxidant enzymes and cytoprotective genes. It has been reported that Nrf2-mediated transcriptional responses have an important protective role in ischemic and nephrotoxic acute kidney injury (17) . Resveratrol also has protective effects by triggering the Nrf2 signaling pathway (18) (19) (20) . However, the protective role of Nrf2 in sepsis-induced pediatric AKI has remained elusive.
Above all, this evidence led to the hypothesis that resveratrol may alleviate sepsis-induced AKI in a pediatric rat model and induce the activation of Nrf2 signaling pathway, which was tested in the present study. The results revealed that downregulation of tumor necrosis factor (TNF)-α, interleukin (IL)-1β and kidney injury molecule (KIM)-1 expression induced by resveratrol was abrogated in the absence of Nrf2.
Materials and methods
Cell culture and transfection. HK2 cells (obtained from the American Type Culture Collection, Manassas, VA, USA) were maintained in Dulbecco's modified Eagle's medium/F12 (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.). Cells were cultured in an incubator with a humidified atmosphere of 5% CO 2 in air at 37˚C. Small interfering RNA (siRNA) targeting Nrf2 (siRNA-Nrf2; cat. no. sc-44332) was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). An unspecific siRNA with random nucleotides (purchased from Guangzhou RiboBio Co., Ltd., Guangzhou, China) was used as the negative control. Transfection was performed using the Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
CLP model. Animal maintenance and experiments were performed in accordance with the guidelines for the care and use of experimental animals of the US National Institutes of Health (Bethesda, MD, USA), and were approved by the Animal Care Committee of Xi'an Children's Hospital (Xi'an, China).
CLP was performed on six male Sprague Dawley rat pups (weight, 40-60 g; purchased from Model Animal Research center Of Nanjing University) aged 17-18 days as described previously (21) . All rats were housed under standard conditions (temperature 20-25˚C; humidity 50%), received a normal diet and sterile water ad libitum and were exposed to a 12 h light/dark cycle. The rat pups were anesthetized with 2.5% isoflurane (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and placed on a warm pad. Following laparotomy, 1.5 cm of the cecal tip was ligated using 4-0 silk and punctured twice with an 18-gauge needle. Approximately 1 mm of fecal material was expressed from the punctures. In sham-operated pups, the cecum was isolated but neither ligated nor punctured. Following surgery, all rats received 1 ml warm saline via intraperitoneal injection and were placed in individual cages on a heating pad. Rats assessed for durations of >6 h were administered intraperitoneal imipenem/cilastatin (14 mg/kg; Sigma-Aldrich; Merck KGaA) and intraperitoneal warm saline (38 ml/kg) at 6 h after surgery.
Ad minist ration of resverat rol. Fresh resverat rol (Sigma-Aldrich; Merck KGaA) was dissolved in dimethyl sulfoxide and kept in the dark. The CLP rats were intraperitoneally injected with diluted resveratrol (30 mg/kg) at 6 h after surgery and then again at 12 h. At 18 h after CLP, the experimental rats were euthanized. Blood and kidneys were acquired and stored at -80˚C for further analysis.
To mimic the AKI in vitro, following the transfection of siRNA, HK2 cells were treated with 10 µg/ml LPS (Sigma-Aldrich; Merck KGaA) for 12 h at 37˚C, Resveratrol was also administered at the time point.
Plasma electrolyte analysis. Serum creatinine and blood urea nitrogen levels were measured using the QuantiChrom Creatinine/Urea Assay kit (cat. no. DICT-500/DIUR-100; BioAssay Systems, Hayward, CA, USA). Serum IL-1β and TNF-α levels were measured using a MILLIPLEX MAP kit (cat. no. EZRTNFA; EMD Millipore, Billerica, MA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was isolated from whole kidneys using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Subsequently, 1 µg RNA was converted into complementary (c)DNA using the Transcript first-strand cDNA synthesis kit (cat. no. R111-01/02, Vazyme, Nanjing, China). PCR was performed using SYBR Green PCR Master Mix (Vazyme) and the following primers: GADPH forward, 5'-CCC TCA AGA TTG TCA GCA ATG and reverse, GTC CTC AGT GTA GCC CAG GAT-3'; IL-1β forward, 5'-CAC CTT CTT TTC CTT CAT CTT G-3' and reverse, 5'-GTC GTT GCT TGT CTC TCC TTG TA-3'; TNF-α forward, 5'-CAT GAT CCG AGA TGT GGA ACT-3' and reverse, 5'-TCA CAG AGC AAT GAC TCC AAA-3'; KIM-1 forward, 5'-ATG AAT CAG ATT CAA GTC TTC-3' and reverse, 5'-TCT GGT TTG TGA GTC CAT GTG-3'. The thermocycling conditions were as follows: 95˚C for 5 min; 40 cycles at 95˚C for 10 sec, followed by 60˚C for 30 sec; and 95˚C for 15 sec, followed by 60˚C for 60 sec and 95˚C for 15 sec. Analysis of the real-time qPCR data to determine relative gene expression was performed using the 2 -ΔΔCq method (22) .
Western blot analysis. Nuclear and cytosolic proteins were isolated using a Nuclear Extraction kit (cat. no. P0027; Beyotime Institute of Biotechnology, Inc., Haimen, China) and the total proteins were acquired from the kidney tissues or cells using cell lysis buffer RIPA (cat. no. P0013B; Beyotime Institute of Biotechnology, Inc. 
Results

Resveratrol attenuates the decline of renal function induced by CLP.
The goal of the present study was to investigate whether resveratrol protects rat pups from renal dysfunction induced by sepsis. A rat pup model of CLP was used to mimic sepsis-induced AKI in children. At the onset of the study, all rat pups were divided into 3 groups (n=6). In the treatment group, rat pups received two injections of resveratrol after CLP surgery. Serum creatinine and blood urea nitrogen levels are two important measures of kidney function (23) . At 18 h after CLP surgery, serum from the pups in each group was collected for analysis. In CLP model mice, blood urea nitrogen (Fig. 1A ) and serum creatinine (Fig. 1B) were significantly elevated compared with those in the sham group. However, resveratrol treatment markedly attenuated the upregulation of urea nitrogen (Fig. 1A) and serum creatinine (Fig. 1B) induced by CLP. These results indicated that resveratrol alleviated the decline of renal function induced by CLP in rat pups.
Resveratrol ameliorates CLP-induced inf lammatory response and increase of KIM-1.
Sepsis is a disseminated inflammatory response and the systemic inflammatory response following CLP is associated with early release of cytokines such as TNF-α and IL-1β (24) . CLP not only produces a systemic inflammatory response but also induces inflammation in the kidney. To further verify the effect of resveratrol on sepsis-induced AKI, the levels of TNF-α and IL-1β in serum and kidney tissue were measured in the present study. In the serum, resveratrol significantly inhibited the increase of TNF-α ( Fig. 2A) and IL-1β (Fig. 2B) induced by CLP. Similar results were obtained in kidney tissues (Fig. 3A and B) .
Kidney injury molecule, a transmembrane type 1 glycoprotein, is a well-characterized biomarker in experimental animals and humans with renal disease (25) . The results revealed that KIM-1 mRNA in kidneys was markedly increased after CLP, which was inhibited by resveratrol (Fig. 3C) . Resveratrol also attenuated the increase of KIM-1 protein induced by CLP (Fig. 3D) .
These results indicated that resveratrol ameliorated CLP-induced AKI in rat pups.
Resveratrol enhances Nrf2 target gene expression in the kidneys.
To test whether resveratrol induces Nrf2 function in kidneys during CLP-induced AKI, the Nrf2 target genes HO-1 and NQO1 were evaluated. HO-1 and NQO1 proteins were further increased by resveratrol (Fig. 4A-C) . These results indicated that the protective effect of resveratrol on sepsis-induced AKI in a rat pup model was probably due to the activation of Nrf2.
Resveratrol activates the Nrf2 pathway in vitro.
To further verify the effect of resveratrol in Nrf2, HK2 cells were treated with different doses of resveratrol for 3 h. Nrf2 nuclear translocation is a necessary step for Nrf2 activation; therefore, nuclear protein was isolated and assessed for the amount of Nrf2. The results indicated that resveratrol induced the accumulation of Nrf2 in the nucleus (Fig. 5A and B) . In this in vitro experiment using HK2 cells, it was also verified that resveratrol increased the expression of HO-1 and NQO1 in a dose-dependent manner ( Fig. 5C and D) . Taken together, these results illustrated that resveratrol indeed activated the Nrf2 pathway in HK2 cells.
Knockdown of Nrf2 effectively abrogates the protective effect of resveratrol in vitro.
To verify the role of the Nrf2 signaling pathway in the protection of resveratrol, HK2 cells were treated with lipopolysaccharide (LPS) to mimic AKI in vitro. Cells were transfected with siRNA-Nrf2 for 12 h to knockdown the expression of Nrf2 prior to LPS treatment. Western blot analysis was used to confirm effective knockdown of Nrf2 by siRNA-Nrf2 (Fig. 6A) . As demonstrated in Fig. 6B , the increase of KIM-1 induced by LPS was ameliorated by resveratrol; however, this effect was abrogated by Nrf2 knockdown. The inflammatory cytokines TNF-α (Fig. 6C ) and IL-1β (Fig. 6D) were also assessed. Knockdown of Nrf2 effectively reduced the downregulation of TNF-α and IL-1β expression induced by resveratrol. These results suggested that resveratrol may ameliorate sepsis-induced AKI in a pediatric rat model via the Nrf2 signaling pathway.
Discussion
Accumulating evidence suggested that resveratrol has numerous beneficial health effects. The present study demonstrated that P<0.01 vs. untreated group. HO-1, heme oxygenase-1; NQO1, NAD(P)H dehydrogenase (quinone) 1; CLP, cecal ligation and puncture; C-Nrf2, cytosolic nuclear factor-erythroid-2-related factor 2; N-, nuclear.
resveratrol protected against sepsis-induced pediatric AKI in a CLP rat pup model, dependent on the activation of the Nrf2 signaling pathway. In CLP, the Nrf2 signaling pathway was activated and resveratrol was then further activated, which protected against AKI. The inflammatory response and oxidative stress are two important features of sepsis-induced AKI. The Nrf2 signaling pathway not only has a key role in regulating the cellular defense against inflammation but also against oxidative stress and inflammation (26, 27) . Resveratrol is an Nrf2 signaling pathway activator (19, 28) . Therefore, the present study investigated resveratrol treatment as a potential therapeutic approach for pediatric sepsis-induced AKI via Nrf2.
Sepsis is a leading cause of death in children worldwide and also an important cause of AKI in pediatric patients (29) . The development of AKI significantly incases the mortality of pediatric patients (3) . Adult rodent models are generally used for research on sepsis-induced AKI. Of note, the pediatric kidney is still maturing and the developing kidney may be more susceptible to oxidative stress and damage (7, 30) . It is therefore indicated that the adult animal model may not be the appropriate for studying pediatric AKI. A previous study reported that the rat pup CLP model was able to mimic sepsis-induced AKI in the pediatric population (8) . To accurately explore effective therapies of sepsis-induced AKI in children, the present study used this model as a major tool. The rat pup CLP model exhibited elevated serum creatinine and blood urea nitrogen as well as inflammatory factors TNF-α and IL-1β, and KIM-1, an important biomarker of AKI. The present study did not detect the morphological changes as in a previous study, which demonstrated that CLP-induced AKI is pre-renal (31) . Rat pups injected with resveratrol twice after CLP surgery demonstrated a significantly ameliorated renal function (serum creatinine and blood urea nitrogen) and a reduced inflammatory response and KIM-1 expression compared with those of pups only subjected to CLP treatment. These results verified that resveratrol may be a novel therapy for sepsis-induced AKI in children.
The Nrf2 signaling pathway has a key role in the defense against oxidative stress and inflammatory response. Nrf2 target genes, including HO-1, NQO1 and other phase II-detoxifying enzymes, have significant roles in maintaining cell homeostasis and protecting against tissue injury (32, 33) . In the present study, resveratrol enhanced the expression of proteins downstream of Nrf2 in the kidneys of rat pups. In vitro, the HK2 human renal proximal tubule epithelial cells line was utilized to verify the effect of resveratrol on the Nrf2 signaling pathway. Resveratrol induced a rapid translocation of Nrf2 from the cytoplasm to the nucleus and increased the expression of Nrf2 target genes. siRNA was used to knockdown the expression of Nrf2, leading to an inhibition of the effect of resveratrol to attenuate LPS-induced increases of KIM-1, TNFα and IL-1β. This evidence verified that resveratrol is an Nrf2 activator in kidney, which may be the underlying mechanism of its renoprotective effect. The Nrf2 target genes HO-1 and phase II-detoxifying enzymes have been reported to regulate the inflammatory response via suppressing nuclear factor (NF)-κB signaling (16) . The Nrf2 signaling pathway suppresses the NF-κB pathway through decreasing the phosphorylation of the inhibitor of NF-κB (34) . Knockout mice (Nrf2-/-) displayed increased NF-κB activities and an increased susceptibility to LPS-induced sepsis (27) . These points illustrated that the Nrf2 signaling pathway is critical to inhibit inflammation. In addition, resveratrol suppressed the expression of TNF-α, IL-6 and cyclooxygenase-2 through a decrease in the intracellular levels of Ca 2+ and extracellular signal-regulated kinase (ERK)1/2 (35) . Resveratrol was reported to exert cytoprotective effects through anti-inflammatory, anti-apoptotic and anti-oxidant actions via inducing the activation of sirtuin 1 (36) . Resveratrol also alleviates the production of reactive oxygen species (37) . These may be the main mechanisms of the protective function of resveratrol in alleviating sepsis-induced AKI. It is worth noting that the importance of Nrf2 in the protective function of resveratrol requires more evidence. It has been illustrated that resveratrol activated Nrf2 through the ERK pathway (38) . However, the mechanisms of Nrf2 activation induced by remain to be determined.
In conclusion, the present study illustrated that resveratrol induced Nrf2 activation and alleviated CLP-induced AKI in rat pups. Therefore, resveratrol may have beneficial effects on sepsis-induced AKI in pediatric patients. These results provided a theoretical basis for a novel approach of treating sepsis-induced AKI in pediatric patients using resveratrol. Further study is required to verify the effect of resveratrol in sepsis-induced AKI.
